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Downlink Signal Processing in CDMA Systems Utilizing Arrays of Antennae 

Field of the Invention 

This invention relates to the field of wireless communication systems, and more 
specifically, to a method for determining the proper communication parameters to be utilized 
by a communication station that uses a multiple element antenna array to reduce noise and 
interference in CDMA-based digital cellular and similar systems. 

Background of the Invention 

The success of cellular telephone systems has led to increased demand. To provide 
the communication bandwidth needed to satisfy this increased demand, technologies have 
been developed that enable several conversations to occur simultaneously in a single 
frequency band. In time division multiple access (TDMA), each communication frequency is 
divided into "time slots", each time slot being used for a separate conversation. A second 
technique relies on code division multiple access (CDMA) to increase the number of users 
that can share any given communication frequency. In such systems each user encodes his or 
her transmissions with a code that is orthogonal, or nearly orthogonal, to the codes used by 
the other users of that communication frequency. In effect, the communication band is 
divided into a number of separate channels that can transmit information simultaneously. The 
maximum number of channels that can share any given communication frequency depends on 
the levels of interference and noise in each channel. 

A significant fraction of the interference and noise experienced by each channel 
originates from the transmissions that are geographically localized such as transmissions from 
other users of the communication frequency. In the ideal case, the channels are perfectly 
separated, and hence, transmissions in one channel should not "leak" into the other channels. 
In the case of CDMA, the degree of channel isolation depends on a property of the codes used 
to encode the transmissions. Codes that are "orthogonal" to one another provide channels 
that do not leak into one another. Unfortunately, even in those cases in which mathematically 
orthogonal codes are utilized, the implementation of those codes on commercially feasible 



equipment and the dispersive nature of the propagation environment lead to some 
interchannel leakage. In effect, the imperfect electronics and propagation environment 
converts even perfectly orthogonal codes to codes that are only nearly orthogonal 

One method for reducing the interchannel leakage is to utilize "adaptive smart antenna 
5 processing" to discriminate against interference and noise sources that are at geographically 
distinct locations with respect to the signal source of interest. Adaptive smart antenna 
processing utilizes arrays of antennae together with adaptive signal processing to reduce the 
apparent signal strength from interference sources that are geographically separated from the 
cellular user of interest while enhancing the signal from that user. Consider two CDMA 
10 cellular users that are transmitting on the same frequency with different codes. As noted 
above, each user's signal will "leak" into the other user's communication channel. If 
B sufficient distance separates the users from each other, and the antennae complex utilizes 

jr; adaptive smart antenna processing, then the cell can be configured to transmit and receive in a 

f% r spatially selective manner that reduces the interchannel leakage. In such a system, the base 

2f 15 station (BS) configures the antennae complex to aim its signals to the first user when sending 
=p signals to that user and to receive signals preferentially from the location of that user. The 

a 

I-*, transmission and reception pattern is also chosen such that there is a null region at the 

^ location of the second user. That is, the transmission energy received at the location of the 

«f second user is much lower than that received at the location of the first user when the BS is 

yj; 20 transmitting to the first user. Similarly, the apparent signal strength of the second user is 
significantly reduced when the BS is configured to listen to the first user. Hence, even if a 
small fraction of the second user's signal leaks into the first user's channel, the leakage is 
substantially reduced in strength since the apparent strength of the second user's signal has 
been reduced. 

25 

One form of adaptive smart antenna processing is referred to as linear adaptive smart 
antenna processing. In a linear adaptive smart antenna processing system, the signal from 
each antenna in the array is first amplified and phase shifted. The resultant signals are then 
added together to form a signal that may be viewed as being generated by a "virtual" 
30 antennae that enhances signals from a specific location within the cell while attenuating 
signals from other locations. The amplification factors and phase shifts determine the 
acceptance pattern for the virtual antenna. Similarly, a signal can be preferentially beamed to 



a localized region in the cell by generating an amplified and phase shifted signal from that 
signal to be applied to each of the antennae. 

Since each user could be at a different location, a set of parameters is associated with 
5 each user. These parameters determine the phase shifts and amplification factors used in 

communicating with that user. The parameter set defines a "downlinking" set of phase shifts 
and amplification factors for use in communications from the BS to the cellular user and an 
"uplinking" set of phase shifts and amplification factors for use in communications from the 
cellular user to the BS. In general, these parameters can be determined "experimentally" for 
10 each user by searching the space of possible phase shifts and amplifications for the set that 
provides the best signal quality for that user. Since users and interference sources move and 
fj the environment changes with time, the process must be repeated at regular intervals. 

**f There is a considerable investment in digital cellular units that employ CDMA. 

SI 15 Accordingly, it would be advantageous to add the benefits of adaptive smart antenna 
i processing to such systems without requiring that the cellular users obtain new equipment or 

j\ reprogram existing cellular telephones. Ideally, only those BSs requiring additional capacity 

would need to be altered by introducing antennae arrays and the associated signal processing 
uj hardware. Hence, any method for evolving existing CDMA systems to combined CDMA- 

^ 20 adaptive smart antenna processing systems should not require any new features in the existing 

cellular handsets. 

The uplinking parameters for receiving a signal from a cellular user can be determined 
without the involvement of the cellular user. For example, the uplinking parameters may be 

25 determined at the BS by searching for the set of phase shifts and amplification factors that 
provide the best reception for the user in question. Several methods are known for 
determining the phase shifts and amplification factors that optimize the signals received at the 
BS, and hence, these methods will not be discussed in detail here. The reader is referred to 
US Patents 5,515,378 and 5,642,353 entitled "SPATIAL DIVISION MULTIPLE ACCESS 

30 WIRELESS COMMUNICATION SYSTEMS", to Roy, et a/., based on methods that use the 
direction of arrival of the signal from the cellular user. US Patents 5,592,490 entitled 
"SPECTRALLY EFFICIENT HIGH CAPACITY WIRELESS COMMUNICATION 



SYSTEMS", to Barratt, et aL, and 5,828,658 entitled "SPECTRALLY EFFICIENT HIGH 
CAPACITY WIRELESS COMMUNICATION SYSTEMS WITH SPATIO-TEMPORAL 
PROCESSING", to Ottersten, et al. 9 describe methods based on spatial and spatio-temporal 
signatures, respectively. US Patent 5,909,470 entitled "METHOD AND APPARATUS FOR 
DECISION DIRECTED DEMODULATION USING ANTENNA ARRAYS AND 
SPATIAL PROCESSING", to Barratt, et aL, describes a decision directed reference signal 
based method. These patents are hereby incorporated by reference. 

If communications from the BS to the cellular user are performed at the same 
frequency as those from that user to the BS, then the downlinking parameters can be readily 
computed from the uplinking parameters. This computation also requires calibration data 
related to the various electronic components in the signal amplification paths and the 
characteristics of the antennae. Unfortunately, CDMA systems that conform to the IS-95 
standard use different frequencies for the downlinking and uplinking communications with 
each user. As a result, the optimum downlinking parameters cannot in general be readily 
determined without some involvement by the cellular handset. 

Broadly, it is the object of the present invention to provide an improved method for 
operating an adaptive smart antenna processing-CDMA cellular telephone system to 
determine the downlinking signal processing parameters. 

It is another object of the present invention to provide a method for determining the 
downlinking signal processing parameters without requiring that any new features be added 
to existing CDMA cellular handsets. 

These and other objects of the present invention will become apparent to those skilled 
in the art from the following detailed description of the invention and the accompanying 
drawings. 



Summary of the Invention 
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The present invention is a method for operating a first base station (BS) in a cellular 
communication system that includes a plurality of BSs for transmitting information to a 
subscriber unit (SU). The information is included in a downlink signal sent from the first BS 
to the SU. The BS includes an array of antennae that is used to send the downlink signal to 
the SU. Each antenna is coupled to a signal processing circuit that generates an antenna 
signal for that antenna by processing the downlink signal. The processing depends on a 
weight set that is utilized in generating individual signals to be sent on individual antennae in 
the array of antennae. The weight set depends on the location of the SU relative to the array 
of antennae. The cellular communication system includes at least one protocol in which the 
SU generates a report signal indicative of the signal quality received by the SU when the first 
BS transmits a pilot downlink signal. The method of the present invention includes a method 
for determining the weight set corresponding to the SU. In the method of the present 
invention, the first BS transmits a plurality of pilot downlink signals to the SU, each pilot 
downlink signal being processed with a different weight set than that used to process the 
other pilot downlink signals. A report signal generated by the SU is received for at least two 
of the pilot downlink signals. The weight set is assigned for the SU based on a comparison 
of the received report signals. In one embodiment of the present invention, a first one of the 
pilot downlink signals includes a first identifier, and a second of the pilot downlink signals 
includes a second identifier that is different from said first identifier. The first and second 
identifiers identify first and second BSs, wherein the second base station is preferably 
displaced from the first base station by a distance sufficient to assure that the pilot downlink 
signal transmitted by the first base station and containing the second identifier will not 
interfere with communications between the second BS and the SUs currently communicating 
with the second BS. Embodiments of the present invention that integrate handoff with weight 
determination can also be constructed. In such systems, the SU also receives a third pilot 
downlink signal from a second BS. The SU generates and transmits one of the report signals 
indicating the signal strength of the third pilot downlink signal to the first BS. The first BS 
determines whether to handoff the SU to the second BS based on the signal strengths reported 
for the first, second, and third pilot signals. The method of the present invention can be 
practiced within existing CDMA cellular standards such as the IS-95 standard. 



Figure 1 is a block diagram of the signal-processing portion of a BS employing an 
antennae array to communicate with a number of cellular users. 

5 Detailed Description of the Invention 

The manner in which the present invention obtains its advantages may be more easily 
understood with reference to Figure 1 . Figure 1 is a block diagram of the signal-processing 
portion 1 10 of a BS employing an antennae array 1 1 1 to communicate with a number of 
10 cellular users. Exemplary users are shown at 101 and 102. The signals from the antennae are 
coupled to RF receiving circuit 112. A "Switch" 132 determines whether the antennae are 
£3 connected to receiving circuit 1 12 or transmitting circuit 122. RF receiving circuit 112 down 

JjJ converts the RF signal from each antenna in array 111 from the uplink RF frequency and 

Jf* digitizes the base-band signal to provide an in phase and quadrature signal to receive signal 

Si 15 processor 1 13 for each antenna and stores those values in memory. The in phase signal 
J[z digitized at time t for the i* antenna is denoted by Ij(t), and the quadrature signal by Q ; (t) in 

the following discussion. The base-band signal is typically over sampled to assure that the 
errors introduced by the digitization do not contribute significantly to the overall error rate. 

20 As noted above, the receive signal processor may be viewed as a processor that 

constructs a virtual signal for each user that optimally recovers the signal sent by that user 
with as much gain as possible while rejecting the other users and interferers as much as 
possible. The receive signal processor generates each virtual signal by forming a weighted 
sum of the signals from each of the antenna. To simplify the notation in the following 
25 discussion, the signal from the i* antenna at time t will be denoted by Zj(t)=Ij(t)+j Qj(t). Here, 
Z;(t) is a complex valued function constructed from the inphase and quadrature signals, I;(t) 
and Qi(t), respectively, generated from the i* antenna at time t. The receive signal 
constructed for the n* user at time t is given by 

M 

30 R S n (t) = £ R W„. Zi (t) (1) 
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Here, the coefficients, R W nI , are a set of complex valued reception weights and M is the 
number of antennae in the array. Each weight is equivalent to the amplification factor and 
phase shift to be applied to one of the antenna signals. 

As noted above, the receive signal processor computes the receive weights to optimize 
the reception of each of the users. In general, the weights must be recomputed periodically, 
since the location of each user changes with time as do the background interference sources. 

The transmission process is similar to the reception process. The individual 
voice/data signals are input to a transmit signal processor 123 that generates the signals to be 
sent to each antenna element. The antenna signal at time t is given by 



Here, the coefficients T W m n are a set of complex valued transmission weights, and T S n (t) is the 
signal to be transmitted to the n* user at time t. 1ST denotes the number of outbound channels. 
In general, there is one such channel per SU that is to receive a signal. In addition, there may 
be other channels such as the pilot channels discussed below. The antennae signals are then 
upconverted to the downlink RF frequency and transmitted from antenna array 111. 

As noted above, the optimum transmission weight matrix cannot be readily computed 
from the set of reception weights for a user if the uplink and downlink RF frequencies are 
different. In the present invention, the optimal transmission weights for any given user are 
obtained by utilizing a feedback mechanism. The BS tries various sets of candidate weights 
and obtains feedback from the users with respect to the quality of signal received by that user. 
In cellular systems that conform to the IS-95 CDMA standard and its later modifications, the 
present invention provides a mechanism for testing weights and receiving feedback without 
introducing any new protocols that would require changes to the equipment employed by the 
users. 



Z m (t) = Z TW n,n TS n(t) 



(2) 



n=l 
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The preferred embodiment of the present invention utilizes the feedback mechanism 
that is set up for assisting the BSs in performing handoffs. Cellular CDMA systems that 
conform to the above-identified standards employ SU feedback for operations such as power 
control and handoff. A SU cannot be handed off to a new BS until the SU is receiving an 
adequate signal from the new BS. Hence, protocols have been established for the SU to 
report the signal strength or signal quality it is receiving from each BS to aid the BS in 
making handoff decisions. 

These mechanisms use signals sent on predetermined pilot channels. For example, in 
the IS-95 CDMA standard, a BS transmits a pilot channel at all times on each active carrier. 
The code used to implement the pilot channel within the CDMA scheme is generated from a 
long pilot pseudo-noise (PN) sequence by picking a time offset into the PN sequence that 
uniquely identifies the BS. 

As noted above, handoffs in CDMA systems are typically SU-assisted. A SU may 
make measurements of signal quality of one or more BSs, and report these measurements to 
the BS with which it is currently communicating. There are many possible measures of 
signal quality. The present invention does not depend on the specific choice of signal quality 
measurement. Examples of signal quality measurements known to those skilled in the art 
include the energy per bit divided by the noise plus interference spectral density (E b /N 0 ), the 
received signal strength indication (RSSI), the signal-to-interference-plus-noise ratio, (SINR), 
and the bit error rate. The SU measurements and the measurement reports may be carried out 
autonomously, or at the request of the BS. 

The preferred embodiment of the present invention employs the existing SU feedback 
facilities in a novel manner by using pilots not normally associated with a given BS to 
provide the feedback needed to determine the optimum transmission weights at that BS. To 
simplify the following discussion, the present invention will be described in terms of an 
implementation that utilizes the IS-95 CDMA air interface standard. It will be obvious to 
those skilled in the art from the following discussion that other standard feedback protocols 
may also be used without deviating from the teachings of the present invention. 



The above-described standard implements a protocol known as a Pilot Measurement 
Request Order Message (PMROM). When a BS sends a PMROM on the pilot channel, the 
SU responds with a Pilot Strength Measurement Message (PSMM) that contains a 
measurement of the signal strength of the pilot channel identified in the PMROM as 
5 measured at the SU. In the present invention, the BS sends signals on the pilot channel in 
question using a particular set of transmit weights consisting of an amplitude and phase 
component for each antenna. These weights must be maintained for a time sufficient to allow 
the SU to complete its measurement. Referring again to Figure 1, the BS preferably includes 
a pilot signal processor 141 that generates the pilot signals to be fed to each of the antennae in 
10 the antennae array. The communicating SUs then respond with a Pilot Strength Measurement 
Message (PSMM) which is received by a transmit weight processor 142. The BS notes the 
O PSMMs from the communicating SUs, then repeats the PMROM with a different set of 

l£ transmit weights. The BS may also send multiple PMROMs with the same transmit weight 

yz 

^ set to obtain a time average of signal quality or signal strength measurements. Preferably, the 

SI 15 BS cycles through all of the test sets of transmission weights; however, the BS can make 
decisions based on a partial set of weights as well. Once the BS has cycled through all test 

«. — 

* 3 sets of transmit weights and received measurement information from all communicating SUs, 

it determines the best set of transmit weights for transmitting signals from the BS to each SU. 
yj It should be noted that the BS will be transmitting other information, i.e, voice and/or data to 

/jS 20 each user on the appropriate channel during this optimization procedure. The weights used 
for those transmissions are preferably the best current estimate for the weight set 
corresponding to each user. Hence, in the preferred embodiment of the present invention, 
each time a candidate weight set is found to be better that the current weight set for a user, the 
current weight set is updated immediately rather than waiting for the entire set of candidate 
25 weight sets to be examined. 



This entire optimization procedure is then repeated at prescribed intervals. The 
interval time is typically a function of the degree of environmental variation in the system. 
The procedure will be repeated more frequently in high mobility CDMA systems than in 
30 CDMA systems in which the SUs are non-moving. The IS-95 standard guarantees that an SU 
will respond to a PMROM with a PSMM within 0.2 s. 
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In environments in which the re-calculation interval is short, systems that test a 
number of weight sets simultaneously are preferred. Embodiments in which multiple weight 
sets may be tested at the same time can be constructed by using the mechanisms normally 
used to implement hand-offs between BSs or between sectors in the same BS. 

Each BS has a pilot channel defined by a pilot code that is associated with that BS. 
An SU monitors a number of different sets of pilot channels. According to the IS-95 
standard, the SU monitors four sets of pilot channels, the Active Set, the Candidate Set, the 
Neighbor Set, and the Remaining Set. 

The Active Set consists of one or more pilot channels associated with the Forward 
Traffic Channels assigned to the SU. Each pilot channel in the Active set corresponds to a 
BS with which the SU is actively communicating. Normally there will be only one pilot 
channel in the Active Set; however, there can be additional pilot channels in the Active Set 
during handoffs. In systems conforming to the IS-95 standard, a forward traffic channel is 
initially assigned to the SU and the Active Set is initialized to contain only the pilot 
associated with that forward channel. Subsequently, the pilot channel(s) in the Active Set is 
defined in messages from a BS that is currently in the Active Set. 

The Candidate Set corresponds to pilots received with sufficient strength by a SU to 
indicate that the associated forward traffic channels can be successfully received. According 
to the IS-95 standard, if the SU processes a Handoff Direction Message (HDM) that does not 
list a pilot in the current Active Set, and the handoff drop timer for that pilot has not expired, 
the SU will add the pilot to the Candidate Set. Hence, the current BS can load candidate 
pilots into the SU using conventional hand off messages without interrupting the current 
communications between the BS and the SU and without requiring that any new protocols be 
added to the SU. 

The Neighbor Set corresponds to pilots that are not currently in the Active Set or the 
Candidate Set but are likely candidates for handoff. This set also utilizes different pilot codes 
from those in the Active Set. All other pilots that have been defined in communications with 



# 
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the BS on the current CDMA carrier are in the Remaining Set, which is also maintained by 



Under normal operation, the SU will autonomously send a PSMM if one of 2 events 
occurs. The first event occurs when the strength of a Candidate Set pilot, Neighbor Set pilot, 
or Remaining Set pilot exceeds a prescribed threshold, and a PSMM reporting this 
information has not been sent since the last HDM received from the BS. The second event is 
triggered when a Candidate Set pilot exceeds an Active Set pilot in strength. Under normal 
operation, the first event may occur when the SU moves into range of a second BS to which it 
could be transferred in a hand off. The second event occurs when the candidate pilot 
indicates that the BS associated therewith might be a better choice for the active BS than one 
of the current BSs. Normally, the current BS uses these conditions to manage handoffs. 

The present invention makes use of the observation that there are normally many 
more pilot codes defined in the IS-95 standard than those currently being used by the SU. 
The IS-95 standard defines 512 pilots. However, an SU is seldom within range of 5 12 BSs. 
Consider pilot channels used by BSs that are out of the range of the SU and the current BS or 
pilot channels that are not currently being used by any BS in the system. The current BS can 
utilize these pilot channels without interfering with the other BSs' operations. To simplify 
the following discussion, these pilots will be referred to as "test pilots". Hence, the current 
BS can utilize these test pilots to test weight sets by sending HDM messages to the SU 
defining these test pilots as members of the Candidate Set or one of the other sets discussed 
above. The SU will then treat the test pilots as pilots from BSs that it thinks are in its 
vicinity, since the SU has no way of determining whether or not a BS actually exists other 
than by receiving the pilot code associated with that BS. 

In this embodiment of the present invention, different weights are used to transmit the 
different test pilots in the Candidate Set, Neighbor Set or Remaining Set pilots. When a set 
of weights is used to transmit a test pilot signal that satisfies one of the two events discussed 
above, the SU will transmit PSMMs for that test pilot, and hence, inform the BS of the signal 
strength corresponding to the corresponding set of weights. Based on the PSMMs reported 



the SU. 



by the SU, the BS can choose the best set of transmit weights to use for downlinking 
information to that SU. 

It should also be noted that the above-described embodiment of the present invention 
provides a mechanism for integrating the handoff decision with the weight determination 
process. In a BS according to the present invention, a SU is ready for handoff when a pilot in 
the Candidate Set corresponding to a nearby BS is received better than the pilot for the 
current BS when the best set of weights is utilized to transmit the current BS's pilot. Hence, 
if all of the possible weight sets are utilized on test pilots and the best signal associated with a 
test pilot is worse than that of a pilot signal originating at a different BS, a handoff is 
indicated. If the best-received test pilot is better than the real pilot signals, then the weights 
associated with the best test pilot are applied to the downlink transmissions, including those 
for the current BSs pilot. In this case, the other real pilots will not exhibit a signal that is 
stronger than the pilot in the active set and communications will continue with the current 
BS. Hence, the present invention is completely compatible with normal handoff procedures 
and will not interfere with normal handoff. 

It should be noted that if the neighboring BS is also a BS according to the present 
invention, that BS will be cycling through various sets of weights on its pilot channels for 
making determinations with respect to SUs in that BS's field of influence. Hence, a SU 
communicating with the current BS will actually measure several pilot signals corresponding 
to the neighboring BS. Each of these pilots will also correspond to a weight set that can be 
used in the neighboring BS to communicate with the SU. When one of these is better than 
the current best pilot from its BS, a handoff will be indicated. The identity of the pilot 
providing the best signal will provide both the BS identity for handoff and an estimate of the 
best weight set in that BS to be used after handoff. 

In some environments, it is advantageous to send the test pilots at reduced power to 
reduce power consumed by the weight testing or the interference generated by the test pilots. 
In such systems, the SU may not automatically send PSMMs, since the received strength of 
the test pilots will be insufficient to satisfy the above-described conditions. In such 
embodiments, the BS explicitly requests the PSMMs from the SU by issuing a PMROM. 



One technique utilized in current cellular systems to increase capacity is to divide the 
cell into sectors. Each sector may be viewed as a separate cell with handoffs being performed 
between sectors. Accordingly, the term "Base Station" as used herein is deemed to include 
5 sectors with one BS. Some CDMA cellular systems support a functionality know as "soft 
handoff in which the SU begins communications with a new BS without interrupting 
communications with the old BS. There is also a related functionality referred to as "softer 
handoff, wherein the SU simultaneously communicates with several sectors of the same BS 
while changing connection from one sector to another. These handoff protocols require a 
1 0 significant amount of control channel bandwidth. The use of antenna arrays in which each 

user is addressed with a different weight set reduces the frequency of soft and softer handoffs. 
f2 As a result, control channel bandwidth is freed. This additional bandwidth can be used to 

ri perform the integrated signaling for weight determinations and handoffs. 

Si 1 5 Embodiments of the present invention that manage the engineering trade-off between 

the amount of control channel bandwidth available to perform signaling and the downlink 
weight determinations may also be constructed. If control channel bandwidth is plentiful, 

3 ; 

then a long list of test pilots may be employed, with the transmit weights for each test pilot 
lQ chosen to produce a highly directive radiation pattern. Such a highly directive pattern will 

20 tend to maximize the downlink antenna power gain. If, on the other hand, control channel 

bandwidth is scarce, a short list of test pilots may be employed, with the transmit weights for 
each test pilot being chosen to produce a relatively broad radiation pattern. A broad radiation 
pattern will have relatively lower power gain, but its performance will also be much less 
sensitive to movement of the SU as well as changes in the environment and SU location. As 

25 a result, the feedback update rate when broad radiation patterns are employed can be much 
lower with no appreciable change in performance, reducing the load on the control channel. 

The combination of SU feedback and adaptive weight determination via a combined 
protocol also enables temporally iterative techniques for achieving higher downlink 
30 directivity gains not possible with sectorization or switched beam systems. Initially, a short 
list of test pilots is used with the transmit weights for each test pilot being chosen to produce 
a relative broad radiation pattern. By using a small set of test pilots with broad radiation 



patterns initially, a candidate for best test pilot can be quickly determined. Upon identifying 
which of these broad patterns is best, a new set of candidates having weights corresponding to 
successively more and more directive radiation patterns is then employed until the transmit 
weights which yield maximum gain are determined. 
5 I 

lfj§ ts ^ Specific methods that may be adapted to generate weight sets that may be used as 

candidate weight sets in the present indention are taught in US patent application serial 
number 08/988,519 entitled "RADIO TRANSMISSION FROM A COMMUNICATION 
STATION WITH AN ANTENNA/ARRAY TO PROVIDE A DESIRABLE RADIATION 
1 0 PATTERN" to Goldburg, and U^Patent application 09/020,6 1 9 entitled "DOWNLINK 

BROADCASTING BY SEQUENTIAL TRANSMISSIONS FROM A COMMUNICATION 
C STATION HAVING AN ANTENNA ARRAY," to Barratt, et al . These patent applications 

1? are hereby incorporated by preference. 



1 5 The embodiments of the present invention described above have used adaptive smart 

antenna processing for communications in both directions with respect to the user. However, 
[\ it will be obvious to those skilled in the art from the preceding discussion that the present 

invention may also be practiced in systems in which adaptive smart antenna processing is 
y3 only implemented in the downlink direction. 

^ 20 

The above-described embodiments of the present invention have been described in 
terms of purely "spatial" processing. That is, the signal values generated for time t according 
to Eqs. (1) and (2) depend only on signals at the specific time, t. Consider a signal 
environment in which signals generated by a SU reach the base station via different paths. 

25 For example, a first portion of the signal radiated by that SU might reach the BS along the 
direct path between the SU and the base station while a second portion of the signal reaches 
the BS by travelling in a different direction and then bouncing off of an object such as a 
building. In general, the different paths will have significantly different path lengths; hence, 
the signal arriving along one of the paths will be delayed compared to the signal arriving by 

30 the direct path. Ideally, the BS would like to combine these two signals so as to increase the 
received power from the SU. To do this, the BS must combine signal values from different 
times. This type of temporal processing may also be practiced with the present invention. In 



systems that provide spatio-temporal processing, Eqs. (1) and (2) discussed above are 
generalized, respectively, as follows: 

K 2 M 

R S n (t k )= £ £ R W n)ijZi (t k+j ) (3) 

j=-K x i=l 

and 

z-(t k )= Z E T W m , nJ T S n (t k+j ) (4) 

j=-K, n=l 

Here, the three dimensional weight sets, R W m ^ and T W m nJ , are the weight sets that must be 
determined for each user. The values of K r K 4 depend on the particular implementation of 
the temporal processing. While Eqs. (3) and (4) are somewhat more complex than Eqs. (1) 
and (2), and the number of weights to be determined is significantly greater, the underlying 
weight set determination process is substantially the same. Here, the t k , where k is an integer, 
denote the discrete times at which the antennae signals are measured or generated. Hence, it 
will be appreciated that the present invention may be utilized to determine these weights as 
well. 

The above-described embodiments of the present invention utilize linear adaptive 
smart antenna processing, that is, the parameters to be determined are simple weights to be 
used in combining signal values. However, it will be obvious to those skilled in the art from 
the preceding discussion that the present invention may be applied in any situation in which 
an optimization parameter that affects signal quality is to be determined by feedback from the 
SUs. Accordingly, the term "weight set" as used herein is deemed to include any processing 
parameter utilized in combining the antenna signals to provide a signal indicative of the 
signal sent by a SU in the uplink direction or parameters used to process a signal to be sent to 
a SU so as to generate signals to be transmitted on the various antennae in an array of 
antennae. 



The embodiments of the present invention discussed above have utilized protocols 
implemented in specific CDMA systems. However, it will be obvious to those skilled in the 
art from the preceding discussion that the present invention can be practiced in any system 
that defines a command in which a signal is sent on the relevant transmission frequency and 
the SU responds with a measurement of the signal quality measured by the SU on a 
predetermined frequency. Accordingly, the term pilot signal is deemed to include any signal 
whose quality is measured and reported by the BS. 

Various modifications to the present invention will become apparent to those skilled 
in the art from the foregoing description and accompanying drawings. Accordingly, the 
present invention is to be limited solely by the scope of the following claims. 



